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1.  Bullet  Summary 


•  207  kW  was  generated  by  our  second-harmonic  smooth-bore  gyro-TWT 
which  was  stable  without  rf  input. 

•  Marginal  Stability  Design  Procedure  was  developed  for  designing  stable 
high-performance  gyro-TWT  amplifiers  and  verified  by  our  second-harmonic 
gyro-TWT  results. 

•  1  MW  stable  output  is  predicted  for  our  140  GHz,  third-harmonic  smooth¬ 
bore  gyro-TWT  design. 

•  70  kW  slotted  third-harmonic  gyro-TWT  was  designed  for  Varian  as  their 
ARPA-funded  95  GHz  fast-wave  amplifier. 

•  High  performance  slotted  third-harmonic  gyro-TWT  was  tested  by  using 
axis-encircling  electron  beams  produced  by  our  gyroresonant  rf  accelerator 
and  found  to  be  stable. 

•  Third-harmonic  95  GHz,  smooth-bore  gyroklystron  was  designed  capable  of 
70  kW  output  power  with  20%  efficiency,  30  dB  gain  and  cw  operation. 

•  Sixth-harmonic  95  GHz,  slotted  gyroklystron  was  designed  capable  of 
84  kW  output  power  with  12%  efficiency  and  27  dB  gain. 

•  Broadband  0  dB  input  couplers  were  designed  for  the  smooth-bore  second- 
harmonic  gyro-TWT  and  slotted  third-harmonic  gyro-TWT  amplifiers  with 
HP’s  finite-element  HFSS  electromagnetic  design  code. 

•  Broadband  TE„i/TEii  mode  converters  were  developed  for  the  high  power 
overmoded  output  of  the  smooth-bore  second-harmonic  gyro-TWT  and 
slotted  third-harmonic  gyro-TWT  experiments. 


2.  Research  Progress  during  10/1/91—9/30/94 

2.1  Summary 

The  focus  of  our  Tri-Service  University  Research  Program  in  Vacuum  Electronics  has  been 
on  basic  research  issues  associated  with  operating  harmonic  gyrotron  devices  as  high-power, 
coherent  millimeter-wave  amplifiers.  Substantial  theoretical  and  experimental  progress  has  been 

achieved.  We  introduced  the  marginal  stability  design  (MSD)  procedure^^)  for  achieving  stability 
in  high-performance  gyro-TWT’s.  We  also  concluded  the  initial  tests  of  the  high  power,  second- 
harmonic  TE21  gyro-TWT  amplifier  which  is  based  on  the  MSD  procedure  and  the  novel 
concept(l)  that  harmonic  operation  is  capable  of  significantly  increasing  the  output  power  because 
the  start-oscillation  beam  current  is  much  higher  for  the  relatively  weak  harmonic  interaction. 
Indeed,  the  second-harmonic  gyro-TWT  amplifier’s  unprecedented  output  power 
of  207  kW  exceeded  the  previous  record-level  of  120  kW,  which  was  produced  hy 
a  first-harmonic  gyro-TWT.  Our  amplifier  yielded  an  efficiency  of  13%,  a 
saturated  gain  of  16  dB  with  a  bandwidth  of  2%  and  was  stable  for  zero  rf  input 
power. 

As  another  part  of  this  grant’s  research,  we  designed  a  third-harmonic  gyro-TWT  amplifier 
for  Varian  as  their  95  GHz  fast-wave  amplifier  in  their  ARPA-funded  development  program.  We 
tested  lower  frequency  scaled  models  by  using  the  axis-encircling  electron  beams  produced  by  a 
gyroresonant  rf  accelerator.  A  single-section  amplifier  verified  the  stability  of  the 
design  and  yielded  a  small-signal  gain  of  13  dB  with  3%  bandwidth.  ^  A  two- 
section  amplifier  yielded  a  small-signal  gain  of  25  dB  with  5%  bandwidth,  but 
oscillated  in  a  fourth-harmonic  gyro-BWO  mode  due  to  an  imperfect  sever.  The  experiment  will  be 
continued  and  the  nonlinear  characteristics  measured  after  the  sever  and  coupler  have  been 
optimized. 

We  also  extended  the  concept  that  harmonic  gyro-TWT’s  can  yield  superior  performance 
and  designed  a  third-harmonic  TE3‘i  gyro-TWT  that  is  predicted  to  generate  an  output  power  of 
1  MW.  In  addition,  we  investigated  high-harmonic  gyroklystron  amplifiers,  which  tend  to  be 
more  stable  than  gyro-TWT’s.  We  contributed  to  Litton’ s  ARPA-funded  slotted  gyroklystron 
program  by  transferring  our  state-of-the-art  self-consistent  nonlinear  slotted  gyroklystron 
simulation  code  and  also  by  publishing  a  paper  describing  the  design  of  slotted  harmonic 
gyroklystrons.  A  sixth-harmonic  slotted  gyroklystron  was  developed  with  a  predicted  output 
power  of  84  kW,  12%  efficiency  and  27  dB  gain.  Of  further  importance  for  Litton,  we  found  that 
a  more  robust  smooth-bore  circuit  can  yield  equivalent  parameters.  A  70  kV  smooth-bore  third- 
harmonic  gyroklystron  was  designed  with  a  predicted  output  power  of  70  kW  with  20% 
efficiency,  35  dB  gain  and  can  even  be  operated  cw  with  an  acceptable  level  of  wall  heating. 

Although  we  are  actively  working  with  Varian  to  use  our  slotted  third-harmonic  gyro-TWT 
design  to  develop  a  high-average-power,  95  GHz  fast-wave  amplifier  for  ARPA,  the  information 
on  this  work  is  also  being  actively  disseminated  to  the  microwave  community  to  aid  other 
companies  and  laboratories  in  the  design  of  high  power,  high  frequency  fast-wave  amplifiers.  For 
example,  we  have  offered  to  make  available  our  rf  accelerated  electron  beam  source  to  test  concepts 
developed  by  the  various  ARPA  funded  groups,  including  Northrop,  NRL  and  Litton,  in  addition 
to  Varian. 

2.2  Gyro-TWT  Marginal  Stability  Design  Procedure 

Although  the  gyro-TWT  has  long  held  considerable  potential  as  a  high  power  amplifier  of 
millimeter-waves,  good  performance  had  eluded  engineers  for  many  years  due  to  its  tendency  to 
oscillate^^)  as  a  gyrotron.  In  collaboration  with  Drs.  K.R.  Chu  and  A.T.  Lin,  we  developed  the 

marginal  stability  design  (MSD)  procedure^*)  for  ensuring  stability  in  a  high  performance  gyro- 
TWT  amplifier.  The  method  utilizes  linear  analytical  theory  to  determine  the  threshold  for 
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instability.  It  first  finds  the  maximum  stable  beam  current  for  the  chosen  value  of  magnetic  field 
and  velocity  ratio.  The  length  of  the  interaction  region  is  then  chosen  to  be  less  than  the  shortest 

critical  length  for  oscillation  of  all  possible  harmonic  gyro-BWO^^^  interactions.  If  the  gain  from 
this  length  of  interaction  is  less  than  desired,  then  it  can  be  increased  by  using  several  of  these 

stable  sections  separated  by  attenuating  severs^"^)  for  isolation.  A  nonlinear  simulation  code  should 
be  used  in  order  to  evaluate  the  saturated  performance.  If  the  characteristics  are  not  satisfactory, 
then  one  should  iterate  the  steps  with  a  new  magnetic  field  and  Vx/V||.  We  have  used  the  MSD 
procedure  to  design  the  successful  high  power  second-harmonic  gyro-TWT  and  slotted  third- 
harmonic  gyro-TWT  amplifiers  that  are  discussed  below  in  Secs.  2.3.1  and  2.4.2,  respectively. 
This  design  procedure  is  likely  to  be  employed  in  all  future  gyro-TWT  designs. 

2.3  High  Power  s*^-Harmonic  TE^i  Gyro-TWT  AmpliHers 

The  superb  characteristics  of  this  class  of  amplifier  are  due  to  three  key  features.  The  first 
is  that  there  can  be  no  competing  first  harmonic  emission.^^^  If  a  gyro-TWT  is  designed  so  that  the 

electrons  are  in  resonance  at  the  5*-harmonic  with  a  cylindrical  waveguide's  TEgi  mode,  then  there 
are  no  modes  which  can  be  excited  at  the  fundamental  frequency,  as  can  be  seen  in  Fig.  1  for  the 
case  of  a  second-harmonic  TE21  gyro-TWT.  The  second  feature  is  that  the  allowable  beam  current 

for  stability  and  therefore  the  output  power  is  much  higher^^’^^  than  at  the  fundamental  frequency 
due  to  the  weaker  strength  of  the  harmonic  interactions,  which  leads  to  high  power  operation. 

Figure  2  shows  that  the  critical  beam  current  for  the  absolute  instability  in  an  5*-harmonic  TEsi 
gyro-TWT  increases  strongly  with  the  harmonic  number.  The  third  feature  is  that  the  required 
magnetic  field  can  be  reduced  by  a  factor  of  j  in  a  TEgi  gyro-TWT,  which  often  allows 
conventional  electromagnets  or  permanent  magnets  to  be  used  for  millimeter-wave  generation 
rather  than  more  troublesome  superconducting  systems. 

2.3.1  Second-Harmonic  TE21  Gyro-TWT 

Utilizing  an  80  kV,  20  A  MIG  beam  with  velocity  ratio  Vj^/V||  =  1,  the  second-harmonic 

TE21  gyro-TWT  (Table  generated  a  record-high  output  power  of  207  kW,  corresponding  to 
an  efficiency  of  13%.  The  measured  saturated  gain  is  16  dB  and  the  bandwidth  is  2.1%  as  shown 
in  Fig.  3.  The  transfer  curve  for  the  amplifier  for  several  values  of  beam  current  shown  in  Fig.  4 
displays  the  expected  l'^^  dependence  of  gain  on  current.  The  amplifier  is  stable  for  zero-drive 
power.  The  measured  stability  diagram  is  presented  in  Fig.  5  where  the  magnetic  field  for  the 
onset  of  oscillation  is  normalized  to  the  operating  magnetic  field.  The  stability  of  the  single-stage 
amplifier  is  attributed  to  the  well  matched  if  loads  and  input/output  couplers  that  were  designed 
with  HP’s  HFSS  electromagnetics  design  code.  For  another  set  of  parameters,  stable  amplification 
could  even  be  achieved  with  a  gain  as  high  as  38  dB,  as  shown  in  Fig.  6.  Also,  the  cylindrical 
waveguide  circuit  had  been  sliced  axially  with  two  cuts  though  the  axis  and  separated  in  azimuth  by 
90°  in  order  to  destroy  the  competing  TE31  gyro-BWO  mode.  Figure  7  shows  the  critical 
interaction  length  for  oscillation  of  the  strongest  gyro-BWO  interactions  in  the  second-harmonic 
TE21  gyro-TWT  amplifier.  By  destroying  the  odd-order  azimuthal  modes,  the  fourth-harmonic 
TE41  gyro-BWO  becomes  the  most  dangerous  oscillation  threat  and  the  interaction  section  can 
thereby  be  roughly  doubled.  The  round-trip  attenuation  of  the  unwanted  TEi  1  mode  was  measured 
to  be  52  dB,  partially  due  to  the  teflon  tube  coated  with  lossy  carbon  that  is  inserted  between  the 
sliced  circuit  and  vacuum  jacket. 

The  proof-of-principle  experiment  was  performed  at  16  GHz.  The  circuit  fits  snugly  inside 
a  compact  strong-back  vacuum  jacket  and  all  vacuum  seals  are  provided  by  Conflat  flanges  except 
for  the  two  input  and  output  microwave  windows.  The  overmoded  multi-hole,  directional  input 
coupler  was  measured  to  have  an  insertion  loss  of  1.4  dB  over  a  bandwidth  of  20%  and  a 
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selectivity  of  98%  into  the  desired  TE21  mode.  A  second  similar  coupler  with  3  dB  coupling  was 
built  for  monitoring  the  output  wave.  To  ensure  that  all  modes  are  terminated  in  the  interaction 
waveguide.  Carbon-coated  MaCor  mbes  have  been  placed  at  both  ends.  Both  terminations  display 
an  insertion  loss  of  at  least  20  dB  with  a  minimum  remm  loss  of  15  dB.  The  output  end  also 
includes  an  electrically  isolated  Faraday  Cup  with  an  integral  bending  magnet  to  measure  the 
transmitted  electron  be^. 

The  assembled  device  was  positioned  along  the  axis  of  a  custom-designed  aluminum  toil- 
wound,  water-cooled  solenoid  magnet  which  produces  a  4  kG  field  with  greater  than  0.25% 
uniformity  over  1  m  and  with  a  transverse  field  of  less  than  0.15%.  Our  single-anode  MIG 
electron  gun,  which  had  been  designed  with  the  EGUN  code  at  UCLA  and  then  fabricated  to  our 
specifications  by  NTHU,  was  attached  to  the  circuit  and  then  evacuated  to  the  10-8  jorr  range. 
The  gun  was  pulsed  to  100  kV  by  a  1.5  jis  modulator. 

2.3.2  Third-Harmonic  TE31  Gyro-TWT 

We  have  further  extended  the  novel  concept(l)  that  the  relatively  weak,  harmonic  gyrotron 
interactions  give  much  higher  values  of  threshold  beam  current  for  amplifier  stability  and  thus  can 
be  utilized  to  generate  extremely  high  power.  We  have  designed  a  stable  third-harmonic  TE31 

gyro-TWT^^^  capable  of  generating  power  levels  four  times  as  high  as  achieved  in  our  high-power, 
second-harmonic  TE21  gyro-TWT.  As  had  been  shown  in  Fig.  2,  the  critical  beam  current  for  the 
absolute  instability  for  a  100  kV  axis-encircling  beam  with  velocity  ratio  vi/v||  =  1  is  increased 
from  a  fundamental-harmonic  TEn  gyro-TWT  by  a  factor  of  twenty-six  for  a  third-harmonic  TE31 
gyro-TWT.  In  our  marginal  stability  design  procedure,  a  high-performance  gyro-TWT  is 
comprised  of  several  interaction  sections,  each  stable  from  the  absolute  instability  in  the  operating 
mode  and  each  shorter  than  the  critical  oscillation  length  for  the  strongest  competing  gyro-BWO 
mode,  and  isolated  from  neighboring  sections  by  attenuating  severs.  An  important  feature  of 
jth-harmonic  TEsl  gyro-TWT’ s  wfth  axis-encircling  beams  is  that  oscillation  cannot  occurj^)  at 
harmonics  lower  than  the  operating  harmonic.  The  critical  length  for  oscillation  of  the  dominant 
competing  gyro-BWO  modes  in  the  third-harmonic  gyro-TWT  is  shown  in  Fig.  8.  Using  this 
information,  two  separate  megawatt-level,  140  GHz,  100  kV,  50  A,  third-harmonic  gyro-TWT’ s 

with  vjl/vii  =  1  and  Avn/vn  =  5%  have  been  designed(9)  and  are  summarized  in  Table  H.  One  device 
utilizes  an  axis-encircling  electron  beam  and  is  predicted  to  generate  775  kW  with  15.5% 
efficiency,  27  dB  saturated  gain,  and  a  constant-drive  bandwidth  of  5%  (see  Fig.  9).  The  other 
device  uses  a  more  conventional  MIG  beam  and  is  predicted  to  generate  940  kW  with  18.7% 
efficiency,  30  dB  saturated  gain,  and  a  constant-drive  bandwidth  of  5%  . 

2.4  Slotted  High-Harmonic  Gyro-TWT  Amplifiers 

Since  axis-encircling  electrons  are  in  resonance  with  the  ^‘’^-order  azimuthal  mode  of 
cylindrical  waveguide  when  o)  =  sQq  +  k||V||,  high-harmonic  gyrotron  interaction  offers  the 
important  advantage  of  a  significantly  reduced  magnetic  field  requirement.  To  compensate  for  the 
weaker  interaction,  one  can  introduce  an  azimuthally  corrugated  interaction  structure^^®  which 
ripples  the  rf  field  lines  in  a  way  to  strengthen  a  particular  harmonic  field  component.  The 
magnetron-like  slotted  structure  is  shown  in  Fig.  10.  The  number  of  vanes,  N,  is  chosen  such  that 
the  strongest  azimuthal  field  harmonic  is  equal  to  the  desired  cyclotron  harmonic  number  s.  As  in 
the  magnetron,  the  modes  of  interest  are  the  2k  mode,  where  the  phase  in  each  slot  is  identical,  and 
the  K  mode,  where  adjacent  slots  are  out  of  phase  by  7C.  The  K  mode  is  more  ideal  for  the 
harmonic  gyro  interaction  because  a  high-order  (N/2)  azimuthal  mode  is  dominant,  whereas  most 
of  the  energy  of  the  27t  mode  is  wasted  in  the  useless  TEqi  mode. 
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To  design^^^)  a  high  gain  slotted  gyro-TWT,  the  inner  vane  radius  a  is  chosen  to  be  fairly 
close  to  the  electron  Larmor  radius  and  the  outer  vane  radius  b  is  then  chosen  to  obtain  the  correct 
cutoff  frequency.  To  evaluate  the  slotted  gyro-TWT,  we  wrote  a  nonlinear  simulation  code  similar 

to  that  which  Dr.  Ganguly  used  for  the  slotted  penio-TWT  amplifier^l^). 

2.4.1  General  Nonlinear  Theory 

An  important  difference  between  a  harmonic  gyrotron  with  an  axis-encircling  electron  be^ 
and  a  conventional  gyrotron  is  that  in  the  latter  the  beam  bunches  solely  in  gyro-phase  space,  while 
in  the  former  the  beam  bunches  azimuthally  in  real  space  as  well  as  in  gyro-phase  space.  The 
trajectories  of  the  axis-encircling  beam  during  a  typical  fourth-harmonic  interaction  are  shown  in 
Fig.  11.  The  initial  unperturbed  beam  is  shown  in  Fig.  11(a)  and  Fig.  11(b)  shows  it  early  in  the 
linear  stage.  The  beam  has  begun  to  break  into  four  sections  corresponding  to  the  four-fold 
symmetry  of  the  TE4i-like  mode.  Figures  1 1(c)  and  1 1(d)  show  the  beam  in  the  middle  and  late 
linear  stage,  respectively.  The  beam  is  azimuthally  bunching  into  the  four  decelerating  phases  of 
the  wave.  Notice  in  Fig.  11(d)  that  phase-trapping  is  beginning  to  become  evident.  Figure  12 
shows  the  predicted  dependence  of  the  slotted  gyro-TWT’ s  efficiency  on  the  cyclotron  harmonic 
number  s.  The  efficiency,  which  is  42%  at  the  second  harmonic  and  drops  to  10%  at  the  eighth 
harmonic,  seems  to  scale  inversely  with  the  harmonic  number. 

2.4.2  Third-Harmonic  Slotted  Gyro-TWT 

We  are  actively  working  with  Varian  to  develop^^'^*^^)  a  high-average-power,  95  GHz 
fast-wave  amplifier  for  ARPA.  Our  proof-of-principle  scaled  experiments  are  being  performed  at 
10  GHz.  Varian  has  accepted  our  design  for  a  third-harmonic  slotted  gyro-TWT  (Table  III) 

which  uses  a  50  kV,  3  A,  axis-encircling  beam  with  v^/vn  =  1.4  and  Avi|/vii  =  6%  The  amplifief 
is  predicted  to  produce  30  kW  with 20%  efficiency,  40  dB  saturated  gain  and  a  2.3%  constant- 
drive  bandwidth  as  shown  in  Fig.  13.  The  predicted  spatial  growth  of  power  in  the  three-stage 
amplifier  is  shown  in  Fig.  14.  Figure  15  shows  that  the  operating  mode  is  stable  for  the 
parameters  of  the  system.  By  viewing  the  dispersion  diagram  in  Fig.  16  for  the  slotted  gyro- 
TWT,  it  can  be  seen  that  several  harmonic  gyro-BWO  and  penio-BWO  modes  can  destabilize  the 
amplifier.  Figure  17  shows  that  oscillation  in  these  modes  can  be  suppressed  for  the  design 
parameters. 

The  dual-feed  overmoded  multi-hole  Miller-type(16),  0  dB  directional  input  coupler  shown 
in  Fig.  18  was  designed  with  the  HP  HFSS  code.  The  HFSS  predictions  in  Fig.  19  show  that  its 
bandwidth  is  -20%  and  its  selectivity  into  the  it  mode  is  excellent  (-95%).  It  is  predicted  to  be  a 
good  match  for  all  modes  in  the  interaction  waveguide  (S33  <  0.2).  It  was  measured  with  our 
HP8510  Automated  Vector  Network  Analyzer.  It  currently  yields  a  coupling  of  -10  dB  with  20% 
bandwidth.  Figure  20  shows  that  its  selectivity  into  the  desired  7i  mode  is  -90%. 

For  the  high  power  output  of  this  amplifier,  the  high-order  wave  will  be  transformed  into 
the  lowest  order  TEn  wave  in  a  beat-wave  mode  converter.^l'^)  Through  our  collaboration  with 
Dr.  Pretterebner  of  Dr.  M.  Thumm's  electromagnetics  simulation  group,  a  broadband  TE31  to 
TEii  mode  converter  (see  Fig.  21)  has  been  designed  for  our  third-harmonic  slotted  gyro-TWT. 
Two  TE31/TE11  converter  were  fabricated  and  measured.  As  shown  in  Fig.  22,  the  four-period 
converter  displays  the  desired  4%  bandwidth  with  excellent  converted  mode  purity  (see  Fig.  23). 

Since  the  slotted  gyro-TWT’ s  Cusp^*^'^®)  electron  gun  can  not  yet  deliver  an  electron  beam 
of  sufficient  quality,  our  gyroresonant  rf  acceleratoi<2l)  is  employed  to  produce  the  requisite  axis- 

encircling^^^^  electron  beam.  Our  new  accelerator  cavity  has  successfully  produced  a  5  A,  70  kV 
axis-encircling  electron  beam  with  the  acceleration  characteristics  shown  in  Fig.  24.  The  electron 
gun  injector  for  the  rf  accelerator  was  a  scaled-SLAC  5045  Klystron  Pierce  gun,  which  was 


7 


r- 

\ 


fabricated  in-house.  As  mentioned  above,  we  have  offered  to  make  this  test-stand  available  to  the 
various  groups  funded  under  ARPA’s  95  GHz  Fast-Wave  Amplifier  Initiative. 

-  The  slotted  rf  circuit  for  the  proof-of-principle  experiment  was  built  using  electric  discharge 
wire  machining.  The  circuit  pieces  bolt  together  and  are  aligned  within  an  oversized  vacuum 
chamber  with  knife-edge  metal-seal  Conflat  flanges  except  for  the  two  input  and  output  microwave 
windows.  The  slotted  third-harmonic  gyro-TWT  is  being  tested  within  a  water-cooled  copper 
solenoid  which  produces  a  3  kG  field  with  iO.5%  uniformity  over  0.7  m.  The  discrete  pancake 
magnets  allow  the  magnetic  profile  to  be  varied,  which  has  b€«n  very  useful  since  we  have  tested 
several  configurations,  each  requiring  its  own  special  magnetic  profile  for  stability.  The  vacuum 

chamber  uses  Vacion  pumps  and  produces  a  vacuum  better  than  10“^  Torr. 

We  have  performed  the  first  gain  measurements  of  the  slotted  third-harmonic  gyro-TWT 
amplifier  to  verify  the  amplifier’s  predicted  stability.  Single-section  and  two-section  amplifiers 
were  tested.  The  parameters  of  the  two  experiments  are  shown  in  Table  IV.  The  one-  and  two- 
section  amplifiers  yielded  small-signal  gains  of  13  dB  and  25  dB,  respectively,  with  bandwidths  of 
3%  and  5%  as  shown  in  Figs.  25  and  26.  The  most  important  result  of  the  tests  was  that  they 
demonstrated  stability  from  oscillation  in  the  operating  7t  mode.  The  measured  threshold 
conditions  for  absolute  instability  are  shown  in  Fig.  27.  However,  the  two-section  device  did 
oscillate  at  the  fourth-harmonic  in  the  Aid'i  mode,  but  ^s  is  expected  to  disappear  when  the  sever 
is  improved.  Furthermore,  there  was  low-level  emission  present  at  harmonics  of  the  accelerator 
driver,  but  this  is  merely  an  artifact  of  the  bunched(23,24)  nature  of  the  electron  beam.  Although  a 
1  kW  TWT  was  used  as  the  input,  we  were  unable  to  drive  either  device  into  saturation  due  to  the 
low  insertion  loss  of  the  input  coupler.  Fabrication  of  a  redesigned  coupler  is  currently  underway. 

2.5  Harmonic  Gyroklystron  Amplifiers 

We  have  also  investigated  harmonic  gyroklystron  amplifiers.  An  advantage  of  the 
gyroklystron  is  that  the  threat  of  oscillation  is  not  as  serious  as  in  a  gyro-TWT.  A  disadvantage  is 
that  its  bandwidth  is  not  nearly  as  bfoad  as  the  gyro-TWT's. 

2.5.1  Smooth-Bore  Third-Harmonic  TE31  Gyroklystron 

We  have  developed  the  design  for  a  95  GHz  third-harmonic  gyroklystron  amplifier,  which 
exceeds  most  of  the  specifications  in  a  recent  ARPA  research  solicitation.  The  1991  solicitation 
was  to  develop  a  compact  95  GHz  fast-wave  amplifier  which  1)  could  generate  >  2  kW  average 
power,  2)  with  >  20%  efficiency,  3)  >  30  dB  saturated  gain,  4)  ~5%  bandwidth,  and  5)  without 
requiring  a  superconducting  solenoid.  To  meet  the  low  magnetic  field  requirements,  each  of  the 

three  groups  awarded  contracts  have  proposed^^'^’^^’^^^  using  harmonic  gyro  (or  penio) 
interactions  utilizing  axis-encircling  electron  beams  within  magnetron-type  slotted  waveguide. 
However,  a  major  disadvantage  of  the  slotted  waveguide  approach  is  that  a  large  fraction  of  the 
electron  beam  will  collide  with  the  inside  wall  since  the  electrons  must  circle  close  to  the  inner 
radius  to  interact  strongly  with  the  fields  fringing  from  the  slots  and  furthermore,  the  slotted  circuit 
is  not  extremely  robust. 

We  have  investigated  the  possibility  of  using  a  much  more  robust  smooth-wall  circuit.  We 

have  studied^^^^  a  third-harmonic  TE31  gyroklystron  amplifier  driven  by  an  axis-encircling  electron 
beam.  The  interception  of  the  beam  by  the  interaction  circuit  is  no  longer  an  issue  because  the 
beam  circles  far  from  the  walls.  The  results  of  our  simulation  runs  using  K.R.  Chu's  self- 
consistent  code(28)  have  been  very  encouraging.  Figure  28  shows  that  good  gain  and  efficiency 
can  be  achieved  for  a  70  kV  beam.  By  setting  the  axis-encircling  electron  beam  to  be  in  resonance 
with  the  TE311  mode  at  the  third  cyclotron  harmonic  frequency,  the  beam  will  not  interact  at  the 
stronger,  lower  cyclotron  harmonic  frequencies,  which  allows  stable  operation  of  the  amplifier. 
The  parameters  for  the  proposed  device  are  listed  in  Table  V.  For  a  70  kV,  5  A  electron  beam  with 

Vj^/V||  =  2  and  Av||/vii  =  10%,  the  95  GHz  three-cavity  gyroklystron  is  predicted  to  yield  70  kW 
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with  20%  efficiency,  0.2%  bandwidth  and  a  saturated  gain  of  35  dB.  The  nonlinear  gain 
characteristics  are  shown  in  Fig.  29.  By  using  a  linear  gyrotron  code,  it  was  verified  that  this 
amplifier  is  not  even  slightly  threatened  by  oscillation  in  competing  modes.  Notice  that  this  95 
GHz  amplifier  requires  a  magnetic  field  of  only  12.4  kG,  which  can  conveniently  be  produced  by  a 
fairly  lightweight  room-bore  copper  magnet.  Thus,  the  only  specification  in  the  original  ARPA 
solicitation  that  the  proposed  smooth-bore  third-harmonic  gyroklystron  does  not  presently  meet  is 
the  bandwidth,  but  it  should  be  pointed  out  that  stagger  tuning  the  cavities  could  increase  the 
bandwidth  significantly.  Furthermore,  one  of  the  three  groups  (Litton)  funded  by  the  ARPA 
program  is  also  developing  a  device  with  a  similar  bandwidth. 

2.5.2  Slotted  Sixth-Harmonic  Gyroklystron 

We  have  also  investigated  slotted  high-harmonic  gyroklystron  ampUfiers.  In  a  slotted 
harmonic  gyroklystron's  interaction  circuit,  the  slotted  gyro-TWT's  long  continuous  tube  is 
replaced  by  several  cavities  connected  by  smooth-bore  cutoff  dnft-tubes  of  radius  equal  to  the  inner 
radius  of  the  magnetron  cavities.  The  cross-section  of  the  cavities  would  be  nearly  identical  with 
that  of  the  gyro-TWT  mbe.  For  wide  bandwidth  ( ~  1%),  the  Q  value  of  the  cavities  must  be  quite 
low  (-100). 

We  developed  a  linear  theory(29)  ©f  the  harmonic  slotted  gyroklystron  amplifier.  The 
theory  is  a  modification  of  our  linear  theory  of  the  harmonic  smooth-wall  gyroklystron. The 
theory  provides  the  small-signal  gain  and  although  it  does  not  include  beam  loading,  it  is  useful  for 
choosing  a  device’s  initial  parameters.  To  determine  the  nonlinear  characteristics,  we  modified  a 
self-consistent  smooth-wall  gyroklystron  simulation  code,(28)  which  had  been  written  by  K.R. 
Chu  to  simulate  high  power  gyroklystrons.  The  nonlinear  code  does  indeed  agree  with  the  linear 
theory  in  the  limit  of  low  beam  current  and  weak  input  power  as  shown  in  Fig.  30,  which  also 
includes  the  predictions  from  a  second  linear  theory,  which  is  self-consistent.  For  low  values  of 
beam  current,  the  three  theories  agree,  but  as  the  current  approaches  the  critical  value  for 
oscillation,  the  gain  from  both  the’iinear  and  nonlinear  self-consistent  theories,  which  include 
beam-loading,  strongly  diverges  from  the  non-selfconsistent  linear  theory  as  it  approaches  infinity. 

A  parameter  study(29)  was  performed  of  a  sixth-harmonic  slotted  gyroklystron.  A  95  GHz, 
three-cavity,  70  kV,  10  A,  sixth-harmonic,  slotted  gyroklystron  (Table  VI),  whose  beam  has 

vx/v||  =  2  and  Av||/v||  =  8%,  was  found  to  be  capable  of  generating  70  kW  with  30  dB  saturated 
gain  and  10%  efficiency.  The  predicted  transfer  function  is  shown  in  Fig.  31. 
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4.  Figures  and  Tables 

Table  I.  Operating  parameters  for  16  GHz  single-section  second-harmonic  gyro-TWT  proof-of-principle  experiment 


Beam  Voltage 

80  kV 

Beam  Current 

20  A 

a  (=vi./v||) 

1.0 

Magnetic  Field 

2.9  kG 

Cyclotron  Harmonic 

2nd 

Mode 

TE21 

Wall  Radius,  rw 

0.95  cm 

rgc/rw 

0.4 

Av||/v|| 

12% 

B/Bg 

0.96 

Circuit  Length 

65  cm 

Table  11.  Design  parameters  for  140  GHz  third-harmonic  TE 

MIG  beams. 

Cal  Cusn  Beam 

/hi  MIG  Beam 

Beam  Voltage 

100  kV 

100  kV 

Beam  Current 

50  A 

50  A 

a  (=vj_/v||) 

1.0 

1.0 

Magnetic  Field 

17  kG 

17  kG 

Cyclotron  Harmonic 

310 

3td 

Mode 

TE31 

TE31 

Wall  Radius,  rw 

0.15  cm 

0.15  cm 

rgc/rw 

0.0 

~  0.  3 

Av||/v|i 

5% 

5% 

B/Bg 

0.99 

0.99 

Section  Length 

3  cm  (two) 

10  cm 

Sever  Length 

0.75  cm 

none 

Circuit  Length 

6.75  cm 

10  cm 

Table  IB.  Design  parameters  of  three-section,  95  GHz  slotte 

Beam  Voltage 

50  kV 

Beam  Current 

3  A 

a  (=vj_/vii) 

1.4 

Magnetic  Field 

11  kG 

Cyclotron  Harmonic 

3rd 

Mode 

n  mode 

Number  of  Vanes 

6 

Inner  Circuit  Radius,  a 

0.107  cm 

Outer  Circuit  Radius,  b 

0.147  cm 

Ti/a 

0.53 

xja 

0.0 

Argc/a 

10%^ 

Av||/v|| 

8% 

B/Bg 

0.99 

Section  Length 

3.0  cm:3.0  cm;4.0  cm 

Circuit  Length 

1 1.6  cm 
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Table  IV.  Operating  parameters  for  single-section  and  two-section  third-harmonic  slotted  gyro-TWT  amplifier  proof- 
of-principle  experiments. 


fal  1 -Section 

fbl  2-Section 

Beam  Voltage 

62  kV  ' 

75  kV 

Beam  Current 

2.4  A 

2.6  A 

Magnetic  Field 

1.3  kG 

1.3  kG 

Cyclotron  Harmonic 

3td 

3id 

Number  of  Vanes 

6 

6 

a  (V1./V11) 

1.0 

1.4 

fc/fw 

0.0 

0.0 

Av||/v|| 

<5% 

^% 

Aic/a 

22% 

22% 

Electron  Larmor  Radius,  rL 

0.47  cm 

0.60  cm 

Inner  Circuit  Radius,  a 

0.96  cm 

0.96  cm 

Outer  Circuit  Radius,  b 

1.37  cm 

1.37  cm 

Section  Length 

37.1  cm 

30.5  cm 

Sever  Length 

none 

8.35  cm 

Circuit  Length 

37.1  cm 

69.35  cm 

Table  V.  Design  parameters  for  95  GHz,  three-cavity  third-harmonic  TE31 1  smooth-bore  gyroklystron  amplifier. 


Beam  Voltage  70  kV 

Beam  Current  5  A 

a  (=v_l/vii)  2.0 

Magnetic  Field  12.4  kG 

Cyclotron  harmonic  3”^ 

Mode  TE3 1 1 

Cavity  Radii,  rw  0.21cm 

Cavity  Length  1.26  cm 

Cavity  Q’s  225 

Drift-Tube  Length  1.89  cm 

rc/rw  0.0 

Av||/v||  10% 

Argc/rw  10% 

Circuit  Length  5.04  cm 


Table  VI.  Parameters  parameters  for  70  kW,  95  GHz,  sixth-harmonic  slotted  gyroklystron. 


Beam  Voltage  70  kV 

Beam  Current  1 0  A 

a  (=vj_/v||)  2.0 

Magnetic  Field  6.2  kG 

Cyclotron  Harmonic  6*1’ 

Number  of  Vanes  12 

Inner  Circuit  Radius,  a  0.078  cm 

Outer  Circuit  Radius,  b  0. 1 02  cm 

Cavity  Length  1 .26  cm 

Cavity  Q’s  185 

Drift-Tube  Length  2.52  cm 

rja  0.8 

Vela  0.0 

Av||/v||  8% 

Avg^/a  1 0% 

Circuit  Length  6.30  cm 
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Fig.  1  Uncoupled  dispersion  relation  of  operating  mode  Fig.  2  Dependence  on  velocity  ratio  a  of  threshold 
(intersection  of  unbroken  curves)  and  likely  oscillating  beam  current  from  analytical  theory  for  absolute 
modes  (intersections  of  broken  curves  with  negative  k||)  instability  in  s^*’-harmonic  TEji  gyro-TWT  with  100 

for  second  harmonic  TE21  gyro-TWT  amplifier.  kV  axis-endrcling  beam  for  s  =  1 ,  2  and  3. 


15.4  15.6  15.8  16.0  16.2  16.4  16.6 

Frequency'  (  GITz  ) 

Fig.  3  Measured  dependence  of  output  power  on 
frequency  in  the  second-harmonic  TE21  gyro-TWT 
(Table  I). 


10“  10'  30‘  10’  10"  -.0' 


P,.  (  W  ) 


Fig,  4  Dependence  of  output  power  on  rf  input  power 
in  the  second-harmonic  TE21  gyro-TWT  (Table  I). 
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Fig.  5  Measured  dependence  of  the  start-oscillation 
magnetic  field  normalized  to  the  operating  magnetic 
field  in  the  second-harmonic  TE21  gyro-TWT  (Table  I). 


1(A) 


Fig.  7  Dependence  of  critical  oscillation  length  for 
TE31I3),  TE]  and  TE4il'^l  gyro-BWO  modes  in 
second-harmonic  TE2]  gyro-TWT  (100  kV,  v_l/v||  =  1, 
fc/fw  =  0.4,  r^v  is  the  wall  radius). 


Fig.  6  Measured  dependence  of  small-signal  gain  on 
frequency  in  the  second-harmonic  TE21  gyro-TWT. 


1(A) 


Fig.  8  Dependence  on  beam  current  of  critical 
oscillation  length  from  analytical  theory  for  dominant 
gyro-BWO  modes  in  third-harmonic  TE31  gyro-TWT 
(100  kV,  a  =  vj_/v||  =  1,  rc  =  0). 
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Fig.  9  Predicted  constant-drive  bandwidth  cf  third- 
harmonic  TE31  gyro-TWT  (Table  n(a)). 


rf  ELECTRIC 


ELECTRON  BEAM 


Fig.  10  Cross-sectional  view  of  slotted  gyro-TWT  with 
six  vanes  and  showing  the  rf  electric  field  pattern  of  the 
7t  mode. 
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Fig.  12  Dependence  of  slotted  gyro-TWT’s  saturation 
efficiency  on  harmonic  number  for  several  values  of 
magnetic  tuning  ratio  (n  mode,  60  kV,  5  A,  v_l/v|i=1.5 
rL/a=0.7,  ©/<nc=7ll.  Av||=0,  and  Arc=0). 


Fig.  14  Predicted  spatial  growth  of  94  GHz  power  in 
third-harmonic  slotted  gyro-TWT  (Table  III). 
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Fig.  13  Predicted  constant-drive  bandwidth  of  third- 
harmonic  slotted  gyro-TWT  (Table  ni). 


a 


Fig.  15  Predicted  dependence  on  Vj_/V||  of  the  threshold 
beam  current  for  absolute  instability  of  the  7t  mode  in 
the  third-harmonic  slotted  gyro-TWT  (Table  III). 
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00 
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Fig.  1 6  Uncoupled  dispersion  diagram  of  slotted  third- 
harmonic  gyro-TWT  (Table  HI). 


Fig.  17  Dependence  on  the  beam’s  current  of  the 
critical  oscillation  length  for  the  dominant  pcnio-BWO 
and  gyro-BWO  modes  in  the  slotted  third-harmonic 
gyro-TWT  (Table  HI). 
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Fig.  18  Schematic  of  dual-feed,  0  dB  slotted  directional 
input  coupler. 
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Fig.  19  Dependence  of  S31  on  frequency  for  desired  7i 
mode  and  spurious  7t/3  and  27r/3  modes  in  slotted  input 
coupler  as  predicted  by  HFSS. 
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Fig.  24  Dependence  on  magnetic  field  of  measured 
transverse  velocity  and  axial  and  transverse  velocities 
from  simulation  in  TEi  1 1  gyroresonant  rf  accelerator. 


Fig.  25  Unsaturated  constant-drive  bandwidth  of  one- 
section  third-harmonic  slotted  gyro-TWT  amplifier 
(Table  IV(a)). 


Fig.  26  Unsaturated  constant-drive  bandwidth  oi  two- 
section  third-harmonic  slotted  gyro-TWT  amplifier 
(Table  IV(b)). 


Fig.  27  Measured  dependence  on  beam  cuirent  of 
magnetic  field  normalized  to  the  operating  magnetic 
field  for  the  onset  of  the  absolute  instability  in  two- 
section  third-harmonic  slotted  gyro-TWT  amplifier 
(Table  IV(b)). 
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Input  Power  (W) 


Fig.  28  Dependence  of  linear  gain,  saturated  gain,  Fig.  29  Dependence  of  output  power  on  input  power 

efficiency,  and  Q  on  beam  voltage  for  two-cavity  third-  for  70  kV,  three-cavity  third-harmonic  smooth-bore 
harmonic  smooth-bore  gyroklystron  with  parameters  gyroklystron  (Table  V). 

otherwise  given  by  Table  V. 
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Fig.  30.  Dependence  of  small-signal  gain  on  electron 
beam  current  in  two-cavity,  sixth-harmonic  slotted 
gyro-klystron  as  predicted  by  fluid  theory  and  linear  and 
nonlinear  simulation  codes  (Table  VI  with  Lj  =  14A,  and 
ideal  beam).  The  two  curves  from  simulation  are 
identical. 


Fig.  31 .  Dependence  of  output  power  on  input  power 
in  70  kV,  95  GHz,  three-cavity,  slotted  third-harmonic 
gyro-klystron  amplifier  (Table  VI)  for  four  values  of 
axial  velocity  spread  (Av||/v||  =0%,  5%,  10%  and  15%) 
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